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Introduction
For New Zealand to transition to a low-emissions economy, farmers need to reduce the biological greenhouse gas (GHG) emissions produced by their operations. 1 Ideally, this would be done in an efficient way. Two definitions of "efficient" could apply. First, we might want farmers to have the highest profit per unit of GHG they do emit to maximise the value of those emissions to New Zealanders, and conversely reduce absolute GHG emissions most when they bring least value. Second, if biological emissions are priced and there is strong concern about international leakage, we might want farmers to achieve high levels of production from each unit of GHG emitted. In this paper, we explore the potential for achieving these two complementary goals in dairy farming. We do this by looking at two farm practices that could reduce emissions intensity while maintaining or even improving profitability: a low stocking rate (SR) combined with high animal performance (AP).
From a commercial and landowner's point of view, it would be ideal if there were no conflicts between profitability, production and GHG emissions. But is this too optimistic? Higher profits are often perceived to be associated with higher production, and higher production with higher levels of GHG emissions. This indicates that management skills and practices, along with other factors such as the geophysical conditions on farms, can influence GHG emissions and profitability. Anastasiadis and Kerr (2013) explored the relationship between GHG emissions and production using a simpler version of the same dataset. Other empirical literature employing cross-sectional farm-level data in New Zealand is scarce but includes Jiang and Sharp (2014, 2015) and Soliman and Djanibekov (2018) , who also use the NZMFD dataset. This paper expands on this research, using richer data and having a stronger focus on economic outcomes of direct concern to policy.
1 In this paper we focus on biological emissions of methane (CH4) and nitrous oxide (N2O), and ignore agricultural carbon dioxide (CO2) emissions from fuel and electricity use as well as carbon sequestration in forests. These CO2 emissions and the carbon sequestration in forests are covered by the New Zealand Emissions Trading System. increase has mostly resulted from a near doubling of the dairy herd, partially offset by reductions in sheep and non-dairy cattle and significant improvements in emissions intensity across pastoral agriculture. Considering the current importance of the dairy sector for rural communities and for the national economy, it is economically critical to find ways to reduce these emissions in a way that does not lead to significant adverse effects on the economy as a whole or on landowners and rural communities, and does not create globally perverse effects. Using the NZMFD, this paper explores the factors that distinguish dairy farms that have simultaneously high profitability and low emissions intensity from the rest. In particular, it focuses on two changes in practice that local agricultural scientists such as de Klein & Dynes can be considered a win-win or no-cost mitigation option -in other words, a farm practice that maintains (or improves) profits while reducing the GHG emissions of the farm.
Low stocking rate and high-performing animals as a mitigation option
A lower SR means fewer cows per hectare of effective land (land used for production). Targeting better-performing animals means improving the genetic pool of the herd by, for example, selecting animals that have a higher "breeding worth" (BW) (Macdonald et al. 2008 ).
2 BW ranks bulls and cows according to their expected ability to breed profitable and efficient replacements.
It combines characteristics such as milk volume, milk fat, protein, fertility and longevity.
As a result of genetic improvements, research and better practices, MS production per cow has increased in New Zealand over the last 28 years. However, it has been established that it could increase even more, especially with the use of supplementary feeds (Reisinger & Clark 2016 ). Based on estimates from the Ministry for Primary Industries (MPI) and modelling performed by the New Zealand Agricultural Greenhouse Gas Centre (NZAGRC), Reisinger et al.
(2018) state that there is "very high confidence that increasing individual animal performance is available as a potential mitigation option". However, they emphasise that it is valid only if the enhanced AP is compensated by a reduction in animal numbers, such that total product output is maintained or reduced. Increasing AP is therefore not a mitigation option per se, but rather must be combined with a lower SR.
New Zealand dairy farms operate on a spectrum from low-input systems, mostly based on pasture grasses with fewer cows per hectare, to intensive systems, with more cows and where typically up to about 40% of the total feed is imported to the farm year-round. Shifting an existing intensive farm towards lower intensity with lower SRs requires significant management skill if farm profits are to be sustained ). In addition, shifting the dairy sector towards low-input systems could reduce the ability of farmers (and the industry) to take advantage of periods when milk payouts are high.
Reducing SRs generally means production and therefore farm revenue are reduced.
However, a low SR could also lead to lower costs due to reduced animal demands for feed, Several New Zealand studies have found that, by combining low SRs and high AP(for example, through the introduction of high-BW animals), a reduction in GHG emissions is possible while also maintaining or even improving farm profits (see de Klein & Dynes 2017 for a collation of evidence). However, the evidence for this has come from farm models or from data collected in research trial farms. In other words, to the best of our knowledge the suggested combined effects of these practices on both GHG and profits have not been validated with a cross-sectional sample of farms from different regions of the country. We address this evidence gap by using the NZMFD.
The remainder of the paper is structured as follows. Section 2 describes the NZMFD and provides summary statistics for the variables we use. Section 3 presents what we call a "fourquadrant analysis", which defines "efficient" farms based on two characteristics: their level of emissions intensity (total on-farm biological GHG emissions divided by total MS produced); and their level of milk profitability (the farm's COS divided by total MS produced). This section also employs different econometric models to explore the drivers of variation in emissions intensity and in milk profitability between and within farms over time, paying special attention to SRs and AP. These relationships are of direct relevance to the question of low-cost mitigation while avoiding emissions leakage. Section 4 analyses what we define as the "value of emissions" (or the level of farm profits in relation to the amount of GHG emitted by the farm) and its relationship with farm SRs and AP. Section 5 describes some research caveats, and section 6 concludes the paper.
The New Zealand Monitor Farm Data (NZMFD)
In this paper we use the NZMFD, a dataset that contains information about the financial and production characteristics of each individual farm as well as their environmental impacts. We analyse only the data related to dairy farms for two reasons: first, there is no standard output measure from sheep and beef farms; and second, the sample size of deer farms is small.
Summary statistics of key variables used in this paper are reported in Table 1 . We measure farm profits using COS, which is the net farm income less farm working expenses (Ministry of Agriculture and Forestry 2010). COS is a financial measure that does not include rent payments, stock value adjustment and depreciation. In this way, we measure farm operational performance in a particular year, removing the costs related to past or long-term financial liabilities (such as debt and rent contracts) or/and adjustments made with depreciation or stock revaluation. All calculations were also conducted using farm profit before tax (FPBT; the closest variable in our dataset to the widely used earnings before interest and taxes, or EBIT) instead of COS, where we obtained structurally similar results -these are provided in Appendix A.
The NZMFD is not ideal for exploring emissions and productivity questions. We use it because it is the only publicly available dataset that includes farm-level data on practices, emissions and profitability (nor are there any private datasets of equivalent or better quality).
There are three key issues with the NZMFD. First, the farm-level data are not necessarily representative of current New Zealand pastoral systems. The NZFMD dataset is constructed from observations made in 2009-12, so from farms that are likely to have changed during the last six years. However, the figures in our NZMFD data are not drastically different from the national average reported by dairy statistics or from a sample DairyNZ recently created to monitor GHG emissions and management (although these also come from a non-random sample). For instance, the average SR in dairy statistics is 2.85 and the average from the DairyNZ sample is 2.94 (Davidson & Newman 2017) . 6 In comparison, the SR in the NZMFD data is 2.78 cows per effective hectare of farmland.
Nor is NZMFD sample random. Although MPI chose which farms to approach, those that participated in the New Zealand Farm Monitoring Programme did so on a voluntary basis; the sample probably therefore suffers from some amount of self-selection bias. The other potential data source, DairyNZ's DairyBase, suffers from the same limitation.
Second, our emissions estimates are generated from Overseer 6.2.1 and based on data from earlier Overseer files. AgResearch generated the emissions data used in our sample from old Overseer files by running them through Overseer 6.2.1. However, this is not the latest version of Overseer and, probably more importantly, some data needed to run even this version
were not available in the old files, so default values were used.
Third, each farm represents a complex system in which several management decisions (including SR and investments in higher-quality cows) are made simultaneously. There is no source of random variation in our variables of interest. This means that our analysis cannot identify causal relationships. What we can explore is associations among variables within a system. In addition, many potentially relevant farm practices are not recorded in the dataset. It is natural to ask, in farms with similar geophysical characteristics, what farmers who make more profits (or milk) and produce less GHG emissions do that is different. We then consider the following linear regression equation:
Mitigation options and efficient farms
Here, corresponds to either emissions intensity or milk profitability of farm in year , is a vector of geophysical and regional variables, is year fixed effects, and is the error terms, with mean 0. Therefore, the residual, ̂, is associated with emissions intensity or milk profitability after controlling for observable geophysical variation and region. 7 The "region"
variables will reflect a mixture of local geophysical characteristics not otherwise captured, and 6 The data from the sample of farms that DairyNZ has created to monitor GHG emissions and management practices are not publicly available. 7 For emissions intensity, this approach can be viewed as a linear approximation of the relationships between geophysical characteristics and GHG emissions in the Overseer model (Wheeler et al. 2008 ), but it also reflects their relationship with production and, for milk profitability, costs. The geophysical characteristics include: topography (dummy variables for easy hill, rolling hill and steep hill), soil type (dummy variables for peat, podzol, pumice, recent YGE, sands and volcanic), region of the farm (dummy variables for Canterbury, Northland, Southland, Taranaki, and Waikato and Bay of Plenty), rainfall and temperature. also systematic differences in farm practices between farms that have recently converted to dairy, such as many in Canterbury or Southland, relative to those in long-established dairy regions such as Waikato or Northland.
In Figure 2 we illustrate how the residuals of emissions intensity are associated with those of milk profitability. The residuals estimate the effects of farmers' unobserved management decisions. The horizontal line is the median of emissions intensity residuals; the vertical line is the median of the residuals of milk profitability. We define the farms in the fourth (bottom right) quadrant as "efficient" farms. By this definition, efficient farms have high profitability and low emissions intensity as a result of unobservable characteristics, including farmers' management decisions. As can be seen, there is no clear association between milk profitability and emissions intensity residuals. 8 It is not obviously costly (or profitable) for farmers to reduce emissions. This is supported further by Figure 3 , which shows the residuals relationship of sub-samples of farms by region. 8 This was also true before controlling for geophysical characteristics and region. 9 As we are using sub-samples of the data by region, the residuals plotted in Figure 3 do not include the "region" variables in their estimation. We now explore farm characteristics and, in particular, management practices that could explain some of this variation. Table 2 show that efficient farms are likely to have higher SRs. This is consistent with efficient farms producing more milk per hectare. Farms with higher animal numbers and a higher intake of dry matter may be more likely to be efficient but total size in hectares is unrelated to efficiency.
Efficient farms also have a lower nitrogen leaching rate (and a lower but less clearly significant leaching rate for phosphorus). This suggests that practices that lower nitrogen leaching also reduce GHGs. This is consistent with work carried out by Shepherd et al. (2016) . Farms that spent less on (any kind of) fertiliser per kilogram of MS are also more likely to be efficient. Lower North Island We now explore these relationships in a different way. Since some unobservable geophysical characteristics and management practices that affect both emissions intensity and milk profitability might exist, it is reasonable to assume that the error terms in the two versions of equation (1), for emissions intensity and for milk profitability, are correlated. To reflect this, we employ seemingly unrelated regression (SUR) models and estimate the following:
Here, ∈ {1, 2} indexes the equation number, is the individual farm, and is the year of monitoring. The dependent variable corresponds to emissions intensity when = 1 and to milk profitability when = 2. The abbreviation stands for stocking rate and for animal performance, is a vector of geophysical characteristics, a vector of dummy variables of management practices, is year fixed effects, and is the error terms, with mean 0. Taking advantage of the panel nature of our data (albeit unbalanced), in addition to a pooled model including all observations in our datasets, we also run regressions to explore within (farm fixed effects) and between (group means) effects. Coefficients on management variables should be interpreted as associated with a change in that variable across different farms for the "between"
regressions and on the same farm across years for the fixed-effects "within" regression. Table 4 presents the regression results. Looking first at regressors other than those of direct interest, higher expenditures per cow on hay and silage feed and on animal health are statistically associated (statistical significance at the 5% level, or lower) with lower levels of milk profitability, when comparing between and within farms. These results are consistent with an argument that animals in poorer condition will require more attention from vets, increasing the cost to the farmers. Increased health expenditures on the same farm across years are positively associated with emissions intensity. In years when a farm's animals require more attention from vets, they may also be likely to emit more GHGs for each kilogram of MS produced. Depreciation per cow is positively associated with milk profitability across all three models, which is an expected result in our analysis: the higher the capital stock value of a farm (and hence its reported depreciation), the more likely it will report higher profits, as long as it has made wise investments. Depreciation per cow is, however, inconsistently related to emissions intensity. Farms with higher depreciation seem to have higher emissions intensities, while farms that increase their depreciation across years seem to lower their emissions intensity. The results relating to milk profitability are very similar when COS per hectare is used as a measurement instead of milk profitability (see Appendix C).
With respect to the coefficients on SR, in the "emissions intensity" regressions this is negative and statistically significant in the pooled and between-farms models. This means that, after controlling for all other farm characteristics, a higher SR is significantly associated with a lower emissions intensity on a farm. On the other hand, SR does not have a significant association with milk profitability, suggesting that changes in SR on farms or differences between farms do not necessarily affect milk production profit. Unfortunately, SR is significantly positively associated with profit per hectare both between and within farms (COS per hectaresee Appendix C). These results do not support the hypothesis that reducing SR is a no-cost mitigation option. Instead, they suggest that on farms in years when conditions are good for milk production (in ways not captured by the observed geophysical variables), farmers have higher SRs and also have lower costs, and hence they have higher milk profitability.
The coefficient on MS per cow (AP) is negative and significant in all three emissions intensity models, and positive and significant in the milk profitability pooled and between-farms model. These coefficients support the "no-cost" status of this option, as they show that higher AP is likely to be associated with farms that have lower emissions intensities and higher profits. This is evidence that increasing MS production per cow is a GHG mitigation option that can potentially also increase a farm's profits. Figure 4 plots SR levels against AP. It can be seen that these factors are positively correlated, with a significant ρ = 0.24.
13 Could this mean that farmers with better access to capital, and possibly higher levels of skill, are able to invest in higher-performing animals (and manage them to achieve high MS per cow) and are also able to invest in, and manage, larger herds relative to other poorly resourced farmers? These farmers may also have better-quality land in ways we are unable to observe. Farms with the very lowest SRs are all (with one exception) non-efficient; similarly, the farms with the lowest AP are nearly all non-efficient. Farmers and owners of farmland are mostly concerned with profit per hectare because it relates to the value of the land and return on investments in, or lease payments for, land. In contrast, "milk profitability" relates more to the competitiveness of milk production. These factors are highly correlated but are not the same (see Appendix C). 13 The correlation between AP and SR is higher among efficient farms (ρ = 0.28) than among non-efficient farms (ρ = 0.20). Table 5 shows that, as with milk profitability, AP is strongly positively associated with higher profitability per hectare (even controlling for geophysical and regional characteristics).
Importantly, we now see a strongly significant positive correlation between SR and profit per hectare. This suggests that reducing SR may have little effect on the profit per kilogram of MS, but seems likely to be associated with significantly lower profits per hectare. To provide more insights to this discussion, but from a different angle, the next section analyses the relationship of AP and SR with the "value of emissions" on a farm.
14 Fertiliser is not included here or in previous regressions because data are available for only 69 observations.
Value of emissions
We now explore the impact of the mitigation options AP and SR on the economic value farms generate from each unit of emissions. This addresses the question of where emission reductions would likely be highest cost. We define the "value of emissions" as COS/ton CO2eq. Figure 5 suggests that there is wide variation in the value of emissions at all levels of SR and MS per cow, but that neither SR nor AP has a clear relationship with the value of emissions. However, other factors that affect value could obscure a relationship, so we test this in a regression. Notes: Robust standard errors are in parentheses. Additional controls, not reported here, include rainfall, temperature, topography (dummy variables for easy hill, rolling hill and steep hill), soil type (dummy variables for peat, podzol, pumice, recent YGE, sands and volcanic) and regional dummies (for pooled and between models). Asterisks denote statistical significance at: * p<0.1, ** p<0.05, *** p<0.01.
The results provided in Table 6 show that there is no statistically significant association between SR and the value of emissions, except in the between-farms model, where the positive coefficient is barely significant at the 10% level. Across all observations (pooled model) and farms (between-farms model), those with higher MS per cow achieve higher value for each ton of emissions. This is consistent with our other results.
Implications for no-cost and lowest-cost mitigation
Our results suggest that improving AP strongly reduces emissions intensity, and that lowering SR, while lowering absolute emissions, comes with a loss of profit per hectare. Is the combination of high AP with low SR a no-cost absolute mitigation option? What do our results suggest about the lowest-cost way to achieve absolute emission reductions? Might it be better to maintain higher SRs but convert some dairy farms to low-emission uses? To explore the implications of changes in AP, SR and land-use change for absolute emissions and profits for farms, and for the sector as a whole, we ran four "experiments" using our data and the results from the regression models.
The first experiment explored what would happen with an increase in AP alone. We increased AP by one standard deviation (approximately 60 kg of additional MS per cow; see Table 1 ) across all 222 farm observations. After adjusting for the gains in emissions intensity obtained, the absolute GHG emissions per farm, on average, increase by 246.79 tons of CO2eq, or 1.6 tons of CO2eq per hectare. The increase in AP would also mean $95,600 extra profit on the average farm, or an additional $618 per hectare.
Our other experiments then simulated three alternative ways to reduce absolute emissions, so that, combined with the increase in AP (and related increase in absolute emissions), absolute emission levels are unaffected. If this can be done with an increase in profit, then the mitigation option is likely to be no cost. The three mitigation approaches we explored are:
(i) reduce SR on all farms;
(ii) close a random selection of farms (i.e. average performance); and (iii) close the most inefficient farms (in terms of lowest value of emissions (COS/ton of GHG)). We applied each approach until we offset the extra GHGs emitted in the system from the increase in AP.
In our second experiment, case (i), a reduction of SR increased the emissions intensity of the farm (ton GHG/ton MS). Taking account of this effect, to mitigate the extra GHGs emitted by the increase in AP, we would need to reduce average SR from the current level of 2.78 cows per hectare to only 2.34 cows per hectare. This reduction would imply a loss in profit of around $61,000 per farm, or $397 per hectare.
For case (ii), given that with higher AP the average farm in our sample emits 1,844 tons of CO2eq, reducing emissions to original levels would require the closure of 13% of all farms. This would bring an average profit loss across the farm system of $443 per hectare.
For case (iii), if we target the least-efficient farms (those with the lowest initial value of emissions), 12% of farms would need to be closed to offset the extra GHGs emitted. In this case, the average profit loss across the farm system would be $174 per hectare.
Raising AP in combination with a reduction in SRs may hold absolute emissions constant, with an increase in profit of around $220 per hectare. This implies that absolute emissions could be reduced at no cost. However, even without considering the economic opportunity of doing something else on the farmland that is retired from dairy, closing the least-efficient farms seems an even lower-cost way to reduce absolute GHGs. Combining higher AP with a reduction in the number of inefficient farms could hold absolute emissions constant and provide a dividend of $444 on the average hectare of existing farmland, as well as free up 12% of dairy land for other uses. This suggests that absolute emissions could be reduced even more at no cost with this combined option. If the land has alternative potential uses, even closing farms with average performance seems likely to be a cheaper way to reduce absolute emissions.
The combination of facilitating greater uptake of high-performance animals, maintaining
SRs on efficient farms and converting some of the less efficient farms to alternative land uses seems to be worth close consideration for reducing absolute biological emissions from the dairy sector at low cost.
Conclusion
Using the NZMFD, this paper contributes to the limited empirical literature employing cross- Second, farms with high SRs are also over-represented in the group of "efficient" farms and, like high-AP farms, this result is confirmed in the regressions. A higher SR is significantly associated with a lower emissions intensity of the farm, is not significantly associated with milk profitability (COS per ton of MS), but is positively associated with profit per hectare. It is mostly not significantly associated with the value per unit of GHGs. However, AP is correlated with high SR, which could lead to multicollinearity bias in our estimates.
Given these findings, can we claim that the combination of low SR and high AP could be an effective option to mitigate GHGs and maintain (or improve) profits on the farm? Higher levels of AP clearly seem to reduce the GHG intensity of the farm and increase profit -a "no-cost" option.
However, unless either the SR or the area of dairy farming fall, an increase in MS per cow (AP)
will lead to an increase in absolute emissions. We test this by checking how much it would cost to mitigate the extra total emissions that an increase of one standard deviation of AP could bring.
Mitigating emissions would cost $397 per hectare if SR is reduced, or around $174 per hectare if farms with the lowest "value of emissions" (profits generated per unit of GHG) are removed from dairy production in our sample. Both values are lower than the profits that would be generated by the increase in AP ($618 per hectare).
Thus, combined, the two options -low SR and high AP -do seem to constitute a no-cost combination. However, potentially the same mitigation could be achieved with lower loss of profit by reducing the area of dairy land through encouraging changes in land use on the leastefficient farms, while at the same time maintaining high SRs and increasing the AP on the remaining dairy land.
In conclusion, this paper is an important initial empirical attempt to assess the effect of two potential mitigation options (low SRs and high AP) on the emissions intensity, milk profitability and value of emissions of farms using farm-level data. Previous analysis of this issue has used modelling or very small numbers of pilot farms, and not data on the behaviour of actual farmers. Although our results are only indicative, they suggest that recommendations developed using farm modelling and careful science might not translate well when applied to real farms.
This illustrates a strong need to develop better-quality longitudinal farm-scale data, collected on the same farms over many years (to account for the effects of variation in milk payouts and weather). A randomly selected, statistically balanced, longitudinal dataset with high-quality emission estimates, accurate measures of farm practices related to mitigation, and financial data -and, even better, the use of randomised control trials structured to assess financial impacts as well as emission impacts -could generate robust estimates of the true cost of proposed mitigation options. 
Appendix A: Replication of results considering farm profits before tax (FPBT) instead of cash operating surplus (COS)

